The structure of a complex formed from DNA, calcium, and DPPC has been studied by small-angle X-ray scattering (SAXS). Previous DSC and temperature scanning ultrasound have shown that in excess lipid two DPPC phases exist, one corresponding to DNA bound lipid and the other uncomplexed lipid, not directly involved in complex formation. 1,2 We have investigated the effect of calcium on both phases within the complex structure. Contrary to the observations in the ternary DPPC/calcium/water system, the binding of calcium to the DPPC membrane in this quaternary system containing DNA appears to be significantly enhanced. We have estimated the stoichiometry of calcium binding within the complex, and we concluded that the zwitterionic lipid is directly involved in binding to DNA.
Introduction
Due to their potential for use as gene delivery devices, considerable attention has been paid to complexes composed of DNA and cationic lipids, generally termed lipoplexes in both theoretical and experimental investigations. 3 This work has been conducted over two decades, prompted by observations of Felgner et al. 4, 5 Their main drawback is the associated cytotoxicities with some formulations and immunogenic effects that lead to limitations in dose. Much of the research carried out has been on model DNA complex systems using cationic surfactants. While they are not useful for transfection, valuable information has been gathered about the phase behavior of DNA in these complexes. [6] [7] [8] In complexes prepared from cationic lipids, initial structural investigations were carried out using transmission electron microscopy (TEM). 9 Structures formed by cationic lipid-DNA complexes in the presence of a helper lipid, usually DOPE or DOPC, have been examined using SAXS 10, 11 and reviewed recently. 12 These studies have been very useful in two respects. They have shown conclusively that X-ray diffraction is a good tool for the characterization of the structures of these and other complexes. They have also shown that these complexes condense DNA into ordered phases, which may be biologically significant since many viruses are known to have these higher levels of organization within their structures. Lamellar and inverted hexagonal lipid phases have been identified in these studies. 10, 13 It is the presence of the helper lipid, in increasing quantities, that initiates the lamellar-tohexagonal transition. It has been suggested, and some evidence exists, to say that inverted hexagonal lipid phases may be more successful in transfection, since they are more fusogenic and interact more strongly with cell membranes. The true significance of these investigations, however, may not be fully appreciated until we have a better understanding of the mechanisms by which efficient gene transfer is achieved.
Unlike cationic lipoplexes, there is no direct electrostatic interaction between DNA and zwitterionic lipids; however, the interaction can be mediated by divalent cations. Though it is known that polynucleotides can complex with zwitterionic lipids 14 under these conditions, it has long been a common view that DPPC and other phosphatidylcholines bind only weakly to divalent cations. 15 This may in part explain the reluctance to investigate these complexes in detail. However, there are advantages of using natural lipids in that they are completely non-cytotoxic. Although there is not a significant body of work completed on these complexes, DSC and temperature-scanning ultrasonic techniques have provided detailed information on the phase behavior of the zwitterionic lipid, both complexed and uncomplexed, and on the stoichiometry of the lipid in the complex. 1, 2, 16 Here we study the complex formed from the interaction of DPPC, DNA, and calcium. The binding of calcium to zwitterionic lipids has been studied by a number of techniques, 17 although the results have not been entirely consistent. Neutral lipids in the presence of divalent cations are capable of encapusulating linear and plasmid DNA, by simple selfassembly. The complex made with DOPC has been studied in some detail in this respect. 18 Complexes formed with DNA, calcium, and egg lecithin exhibit a variety of structures. 1 Lamellar and hexagonal lipid phases have been identified using freeze-fracture electron microscopy in these studies. Preliminary experiments using SAXS and electron microscopy have shown that well-ordered complexes made with DPPC, calf-thymus DNA, calcium, 19 and magnesium 20 and DOPC in the presence of DNA and manganese 21 have a lamellar structure. A recent paper has reported the formation of a complex from only DNA and zwitterionic multilamellar vesicles with a small amount of added neutral cosurfactant. 22 It has also been observed that DNA confined on a surface is condensed in the presence of divalent cations. 23 The study of DNA-calcium-lipid complexes is thus one of the interesting long-term strands of study in this field. Surprisingly, we report here that there appears to be a novel cooperative mechanism of DNA-calcium-zwitterionic lipid binding and earlier reservations about the weakness of the interaction may not limit the usefulness of the approach. We study the structure of complexes under varying conditions using small-angle X-ray scattering with a view to elucidating the binding mechanism.
Materials and Methods
Materials and Sample Preparation. Calf-thymus DNA (Sigma) was purified by repeated phenol/chloroform extraction and precipitated in cold ethanol. The resulting pellet was dissolved in 10 mM citrate buffer (pH 7.5) over a number of days and then dialyzed against 0.5 mM HEPES for 3 days, with a change of buffer each day. This gave DNA with a 260/280 nm ratio greater than 1.8, by UV absorbance. DPPC (99%) was purchased from Avanti Polar Lipids, (Alabaster, AL) and used without further purification. The dried lipid was dissolved in chloroform, and the solvent was removed under a stream of nitrogen. The dried film was then put in a vacuum oven overnight to remove any remaining solvent. Millipore water was added to give a lipid concentration of 25 mg/mL, and the lipid film was rehydrated at 50°C for 2 h. The lipid suspension was left at 4°C under argon for 2 days before the samples were prepared. Multilamellar vesicles (MLVs) were prepared by vortexing the lipid suspension at 50°C. Small unilamellar vesicles (SUVs) were prepared by bath sonication at 50°C to clarity.
Complexes for SAXS were prepared by mixing either the SUV or MLV lipid suspension and DNA in the wide part of a 1.5 mm X-ray capillary (Hilgenberg, Germany) to give an appropriate ratio. Calcium in HEPES buffer (pH 7.5) was added, and the solution was mixed. The complex was left for 1 h at room temperature before being centrifuged into the narrow part of the capillary. The total volume in each capillary was always the same. The complexes were always prepared in an excess of water. Equilibration of the samples was carried out by varying the temperature between 25°C and 55°C in a water bath, over at least 3 days. Samples were stored for at least 1 week before SAXS measurements were taken.
All buffer salts were analytical grade and were used without further purification.
Small-Angle X-ray Scattering. SAXS was carried out at both ID2 at the ESRF in Grenoble, France, and at A2 at the HASYLAB in Hamburg, Germany. The beam was calibrated with a silver behenate standard in each case. At ID2, the detector distance was 1.5 m and the wavelength of X-rays was ∼1Å. Images were taken using a 2D detector. Samples run at ID2 were exposed for 100 ms at temperatures ranging from 25°C to 55°C in 1.5°C steps. The temperature was controlled by an external circulating water bath to (0.5°C. The detector distance at A2 was 1.62 m, and the wavelength was 1.5 Å. Exposure time at A2 was 120 s for each sample. No evidence of sample degradation was observed in any samples at this exposure. The results were recorded using a 1D linear detector.
Results and Discussion
Complexes were prepared from both multilamellar and unilamellar vesicles. Two distinct DPPC lamellar phases are present in both cases. 1, 2, 16 These phases correspond to a DPPC phase bound to DNA and a second DPPC phase to which DNA is not bound. Both phases have been identified from the DSC analysis referenced above. Although samples were prepared at many different compositions, the results presented here are for samples prepared at a DNA/lipid mole ratio of 1:8, i.e., in excess lipid. Some of the samples were prepared at a number of different lipid concentrations (1:4 and 1:12). The results from those samples support the data presented in this work. However, the calcium concentration dependence was studied most systematically at the DNA/lipid mole ratio of 1:8, and therefore these data are used for the presentation here. The DNA concentration is expressed in moles per nucleotide throughout the present work. Due to differences in the mechanism of formation for complexes prepared from either ULVs or MLVs, both lamellar phases are present in the precipitate of the complex prepared from MLVs. Only the complexed phase of lipid is present in the precipitate in the unilamellar case, with the uncomplexed lipid in the supernatant. The mechanisms by which structural rearrangement of liposomes and DNA occurs to form these organized supramolecular structures are not yet fully understood. It is probable that fusion takes place on the DNA surface after mixing, eventually leading to the structures observed. Hayes et al. showed that, for this complex, fusion of liposomes on the DNA surface does take place and that it is liposome size dependent. 24 The average size of the unilamellar liposomes prepared is about 100 nm, which will probably result in complex formation occurring reasonably fast. In this case, the precipitated portion of the mixture separates from the excess material and, once centrifuged, lies in the lower portion of the X-ray capillary with uncomplexed liposomes in the supernatant. Since only the precipitated portion of the lipid is placed in the X-ray beam, only one lamellar phase is present in the SAXS pattern. Multilamellar vesicles by their nature are much larger, so the rate of fusion on the DNA surface is expected to be slower. We envisage that the DNA will initially bind to the outer layers of the MLVs, essentially "sticking" them together, which results in unbound lipid residing in the inner layers of the multilayered vesicles being precipitated with the DNA-bound lipid. All of this aggregate containing both lipid phases is then centrifuged to the end of the capillary during sample preparation. Intercalation of DNA to some of the internal layers of lipid will probably occur during the annealing process, which follows, but since the lipid is in excess, domains of uncomplexed lipid will still remain even after equilibration.
The DNA-bound lipid phase has a lamellar structure, a lattice of DNA layers, embedded in a DPPC lamellar phase, similar to that seen in cationic systems 10 (Figure 1) . Figure 2 and caption show a typical result for complexes prepared from MLVs. In this figure we show the series of Bragg reflections observed for both the DNA-bound lipid fraction and the uncomplexed lipid fraction. Furthermore, we show the data obtained for both lipid lamellar phases (bound and uncomplexed) when the lipid molecules in the bilayers are in (a) the gel and (b) the liquid crystalline states.
The lamellar repeat distance (d spacing) was calculated as d ) 2πn/q, where n is the order of the Bragg peak. The value of q for each sample was determined by fitting a Lorentz function to each peak. DPPC in HEPES was used as a control sample. The calculated lamellar repeat distance for this DPPC sample prepared in the absence of DNA and calcium in 5mM HEPES was 6.34 nm and is consistent with literature values for pure DPPC. 25, 26 Above the transition temperature (41.3°C) of the uncomplexed lipid, this spacing increases to 6.72 nm, again consistent with literature values. 26 The lamellar repeat distance d is the sum of the bilayer thickness δ m and the water spacing δ w between the bilayers, i.e., d ) δ m + δ w (Figure 1 ). This uncomplexed lipid exhibits the usual DPPC temperaturedependent phase behavior, here called "thermotropic phase behavior", with the L ′ -P ′ -L R phase transitions occurring as has been previously observed with the onset of the P ′ or ripple phase at ∼34°C. 27 It is our intention to describe the data obtained from both the DNA-bound lipid and the uncomplexed lipid phases separately at this point. It must be noted, however, that both of these lipid fractions, coexist within the same precipitate. The effect of calcium on the uncomplexed lipid is described first. At 25°C with increasing calcium concentration, the lamellar repeat distance of the uncomplexed lipid within the precipitate increases until ∼5 mM CaCl 2 is reached, after which it decreases slightly over the calcium concentration range studied ( Figure  3 ). Above the transition temperature, however, a far larger effect is observed. Over the same calcium range, the DPPC repeat distance decreases from 6.72 nm in the absence of CaCl 2 to 5.65 nm in 100 mM CaCl 2 at 55°C. This is contrary to what is seen in the DNA-free system. 28,29 Above 1 mM CaCl 2 , the bilayers usually swell into excess water, until at much higher concentrations a lamellar structure with a repeat distance similar to that of pure DPPC re-appears due to screening of the bound calcium. We have repeated this work and observed the same effect ( Figure 4) . We believe that the unusual behavior we see is due to the uncomplexed lipid fraction being present within the same aggregate as the DNA-bound lipid fraction. We envisage that domains of uncomplexed lipid are present between domains of bound lipid, effectively "trapping" these domains within those of the bound lipid. Consequently the uncomplexed lipid is affected by the movements of the bound lipid phase. Even so, this does not entirely explain why the effect observed, in the absence of DNA, on the lamellar repeat distance of the uncomplexed lipid in the presence of calcium is not observed here. Another factor is also at play. The method by which the samples are prepared is very important. In the work of Lis et al., 28 calcium solutions (30% w/w) are added to dried lipid powder. The multilamellar structures are then formed in the presence of calcium. Our preparation method involves preparing multilamellar vesicles in water first, then adding DNA and then calcium. In order for calcium to be present in internal layers of lipid, ions must pass through the hydrophobic interior of the lipid membranes. This ion transport is entropically unfavorable. Some calcium will probably be transferred to the internal layers during the annealing process, since the bilayer structures are disturbed, but it is more likely that calcium will bind to MLV surface layers and DNA first.
In the presence of DNA and calcium, the DPPC lamellar spacing increases to 7.84 nm at 25°C in 20 mM CaCl 2 for complexes prepared from MLVs. This is consistent with the value determined for the corresponding complex prepared from ULVs (7.89 nm). This is an increase of 1.5 nm on the lamellar repeat distance for DPPC alone (6.34 nm). If the bilayer thickness is taken as 4.34 nm (value for DPPC at 20°C 25 ), there is adequate room for the diameter of a hydrated B-DNA strand. 30 This bound DPPC has a transition temperature higher than free lipid at ∼ 43°C, which has also been observed by both DSC and temperature-scanning ultrasound. 1, 2, 16 In the MLV case, increasing the concentration of calcium from 1 mM to 4 mM increases the bound DPPC lamellar repeat distance slightly from 7.85 nm in 1 mM CaCl 2 to 7.88 nm in 4 mM CaCl 2 at 25°C, which after 5 mM CaCl 2 begins to increase again ( Figure 5 ). At 5 mM CaCl 2 there is a minimum in the lamellar repeat distance of 7.86 nm. This is different from the effect observed at 55°C, although a minimum at 5 mM is also observed. The lamellar repeat distance calculated at 1mM CaCl 2 in the L R C phase is 7.47 nm, after which there is a decrease in lamellar repeat distance with a minimum between 5 and 10 mM CaCl 2 at 7.37/7.36 nm. These complexes appear to be well ordered with 5 Bragg peaks being observed in most samples. Above the transition temperature of this phase, four Bragg peaks are still observed. What is very clear from these results and from the corresponding ones for the complexes prepared from ULVs is the significant narrowing of the Bragg peaks between 4 and 5 mM CaCl 2 ( Figure 6 ). This narrowing has been quantified by fitting Lorentz functions to each of the peaks. The SAXS for complexes prepared from ULVs has been shown Figure 4 . Effect of calcium on DPPC multilayers at varying calcium concentrations in the absence of DNA. This is a repetition of some of the work of Lis et al. 29 Samples are prepared by mixing 30 wt % DPPC with either water or calcium solution, as indicated, and equilibrating over a number of days before SAXS measurements are taken. At low calcium concentration, the lamellar structure usually observed for DPPC in water exists. Beyond this point the DPPC layers swell into excess water, until at much higher concentrations (836 mM shown here), a lamellar structure similar to the one observed in the low calcium case is observed. for comparison, but this narrowing is observed in both sets of data.
From these observations, it is our intention to determine the way in which calcium binds to DPPC in our system. Calcium binds weakly to DPPC membranes, 15 and it is clear from many studies that binding of Ca 2+ to DPPC occurs via the phosphate moiety on the headgroup portion of the lipid. The binding of calcium to DPPC within our complex is expected to be much stronger, since increased binding of calcium to PC membranes in complexes with negatively charged polyelectrolytes has been observed. 31 These researchers measured binding constants for calcium in a complex formed from dextran sulfate and DMPC. They verified that the binding of calcium in the lipid-DS complex was significantly enhanced. The headgroup portion of DMPC is identical to our lipid, and dextran sulfate being a negatively charged polyelectrolyte, albeit a more flexible one than DNA, should bind in a similar way.
Evidence of zwitterionic lipid participation in DNA binding has already been suggested. Researchers have looked at mixtures of DMTAP and DMPC. 32, 33 These lipids are chemically similar apart from the phosphate moiety present in the zwitterionic form. Pressure-area isotherms constructed for each lipid and various compositions of the two revealed a minimum in headgroup area at an equimolar ratio of the two lipids, suggesting involvement of the zwitterionic headgroup in DNA binding.
In summary, it appears that 5 mM CaCl 2 is a special point at which some compact structural arrangement is reached. We will refer to this point as C*. This is the minimum in lamellar repeat distance for the DNA-bound lipid within the complex formed from MLVs. The uncomplexed lipid domains trapped within this complex structure aggregate are also affected at this concentration. There is a sharp increase in the lamellar repeat distance observed above the transition temperature for the uncomplexed lipid (Figure 3 ). This is a direct observation of the uncomplexed lipid phase being directly affected by the bound lipid. At concentration C*, there is a minimum in Bragg peak width for the bound lipid ( Figure 6 ). This is probably the most important observation. A decrease in the peak width is indicative of increased order of the lipid molecules within the bilayers. This minimum is observed for complexes prepared from MLVs and ULVs. This is also the calcium concentration at which a DNA-DNA in-plane correlation is observed ( Figure  2) .
What is special about C*? We now consider the stoichiometry of the complex. The concentration of lipid in all of the samples is 22.7 mM. Since the complexes are prepared at a DNA/lipid mole ratio of 1:8, the concentration of DNA is then 2.8 mM (nucleotides). The estimated number of strongly bound lipid molecules per DNA phosphate in this complex is 4.5-5. 2 Assuming there are 5 strongly bound DPPC molecules for each DNA phosphate and that calcium binds preferentially to DPPC within a complex, concentration C* corresponds to a point in these samples where there is roughly 1 CaCl 2 for every two DPPC molecules. This suggests that calcium bridges two neighboring lipid molecules through their phosphate groups, thereby neutralizing the negative charge on each lipid. This leads to a cationic moiety in the binding to DNA. This would be achieved by a reorientation of the headgroup of the lipid, effectively leaving a positive charge on every DPPC.
There are two possibilities for PC-Ca 2+ -DNA binding in this complex. Both options are indicated schematically in Figure  7 . In water, the headgroups of DPPC are mainly orientated, with the phosphate closest to the lipid/water interface and the trimethylamine portion of the lipid orientated downward to the hydrocarbon tails (Figure 7a ). The first option in DNA binding in the presence of calcium would be for calcium to bridge the phosphate on the lipid headgroup with a phosphate on DNA (Figure 7b ). The second option, which is the one we believe to be true, is a reorientation in the presence of calcium leaving the headgroups of the DPPC with the positively charged amine pointing toward the DNA (Figure 7c ). This is identical to the portion of lipid involved in DNA binding in any closely related TAP cationic lipidsDPTAP, 1,2-dipalmitoyl-3-trimethylammonium-propane is the most closely related cationic lipid to DPPC. The most convincing evidence for this argument is the narrowing of the Bragg peak at concentration C* in complexes prepared from both ULVs and MLVs. If a reorientation of the headgroup does occur, the narrowing of the Bragg peak indicates a minimum in membrane fluctuations at concentration C*, therefore appearing as increased order in the SAXS pattern ( Figure 6 ).
Other evidence for this supposition exists. Inclusion of cholesterol in the bilayer decreases the affinity of Ca 2+ for PC membranes. 34 This is also the case for our complex. With increasing cholesterol content, the partitioning of DNA into an aqueous phase from an inverse micellar phase in organic solvent increases. 35 Effectively, complex formation is inhibited by cholesterol. A reasonable explanation for this would be that calcium binding to DPPC occurs only when the molecules are in close proximity to each other. Cholesterol inserts between the tails of the phospholipid, separating the headgroups. We believe, then, that DPPC molecules are more likely to bind to each other via calcium and then to DNA in our complex than to bind a single Ca 2+ to each DPPC and bridge the lipid to the DNA phosphate, as suggested by Budker et al. 14 The structural arrangement that we propose is based on results obtained from equilibrated samples. The mechanisms by which these and cationic lipoplexes form are still to be confirmed, although some work has been done. 36 Binding of the lipid to DNA must first occur, followed by lipid fusion on the DNA surface and then some structural reorganization. We know that in this complex lipid fusion is induced in the presence of DNA. 24 The structural arrangement of calcium in any intermediate step may differ from the arrangement we propose. Initially, calcium is far more likely to bind to DNA. It is easy to envisage that the arrangement shown in Figure 7b , might well occur in the early stages of complex formation. Structural rearrangement would facilitate the picture we propose. Further work will be required to elucidate the mechanism of formation further.
Conclusions
The main conclusions of this study are as follows. DNA and DPPC in the presence of calcium form a complex with a welldefined multilamellar structure. Zwitterionic PC lipids, DPPC in particular, long considered to have only weak interactions to DNA in the presence of calcium, under the appropriate conditions can in fact interact strongly. This enhancement is associated with an arrangement of calcium, DNA, and lipid in which the calcium and lipid form a new bridging unit and acquire effective "cationic" properties, without the consequent toxicity. This we know from observing a minimum in the observed lamellar repeat distance at a concentration C*. Also at this concentration there is a decrease in the Bragg peak width, indicating increased membrane order. C* corresponds to a point where there is one calcium atom for 2 DPPCs if we assume there are 4.5-5 bound lipid molecules per phosphate, which was calculated by Kharakoz et al. 2 The resulting complexes lead to a similar range of lamellar "sandwich" type structures that have been observed in cationic-DNA systems, again supporting the view that in situ the lipid-calcium system is acting as an effective cationic. The resources devoted to creating cationic-DNA complexes that are less toxic, may perhaps, in future be balanced by research exploiting the possibility of creating comparable complexes from entirely nontoxic components such as those outlined above.
